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ABSTRACT 8 
This paper presents the effect of idealised unsteady tidal velocities on the performance of a newly-designed 9 
Horizontal-Axis Tidal Turbine (HATT) through the use of numerical simulations using Computational Fluid 10 
Dynamics (CFD). Simulations are conducted using ANSYS FLUENT implementing the Reynolds-Averaged Navier 11 
Stokes (RANS) equations to model the fluid flow problem. A steady flow case is modelling in a 2 m/s stream flow 12 
and the resulting performance curve was used as the basis of comparison for the unsteady flow simulations. A 13 
decrease in performance was seen for the unsteady flow simulation around peak TSR (TSR=6) which has a cyclic-14 
averaged coefficient of performance (CP) of 37.50% compared to the steady CP of 39.46%. Similar decreases in 15 
performance with unsteady flow was observed away from the peak performance TSR at TSR=4 and TSR=8. 16 
Furthermore, with unsteady flow that it was found that as the TSR increases, the difference between the cyclic-17 
averaged CP and the steady flow CP drops. The effect of variations in the frequency and amplitude of the unsteady 18 
flow showed that a decrease in the cyclic-averaged CP was observed and this performance reduced with increasing 19 
frequency and increasing amplitude of unsteady incoming flows. For the cases studied here, unsteady flows are 20 
detrimental to the performance of the tidal turbine. 21 
Keywords - Horizontal Axis Tidal Turbine (HATT); unsteady flow; hysteresis curve; Coefficient of Performance 22 
(CP); Computational Fluid Dynamics (CFD). 23 
1. INTRODUCTION 24 
Tidal energy is one of the less developed renewable energy source but one that has significant potential for large 25 
scale energy generation given WKHZRUOG¶VWLGDOFDSDFLW\LVaround 120 GW. In the UK alone, the expected capacity 26 
is expected to exceed 10GW which is about 50% RI(XURSH¶Vtotal tidal capacity [1] but despite this potential, the 27 
technology is still in its pre-commercialisation stage. Tidal energy is still years behind wind energy in terms of 28 
energy produced [2]. In the UK, tidal power is only 0RIWKHFRXQWU\¶VWRWDOSRZHUJHQHUDWHGDQGLVonly 1% of 29 
electricity harnessed from renewable energy [3]. 30 
The horizontal axis tidal turbine (HATT) is an energy extraction device very similar to horizontal axis wind 31 
turbine (HAWT) in terms of functions and components although additional considerations are necessary for tidal 32 
blade designs since it will be submerged under water. HATT¶V will turn slower because water flow velocities are 33 
lower than typical wind speeds [4]. Other differences includes higher axial thrust loads, cavitation, potentially 34 
higher unsteady blade loading, and a requirement for blade surface treatments against bio-fouling. 35 
Currently installed HATTs include the 500 kW Deepgen tidal stream turbine by Tidal Generation Limited (TGL) 36 
which LVVXFFHVVIXOO\LQVWDOOHGLQWKH(0(&¶VVLWHDWWKHIDOORI:DUQHVVDW(GD\LQ$OVWRPDFTXLUHG7*/LQ37 
2013 and they developed a 1 MW turbine in a project called ReDAPT (Reliable Data Acquisition Platform for Tidal) 38 
which aims to collect and publish data for tidal energy production for an 18 month period.  General Electric (GE) 39 
acquired Alstom tidal in 2016 and currently planning to produce the next generation 1.4 MW Oceade Tidal Turbine 40 
[4].  2WKHU SURMHFWV LQFOXGH $TXDPDULQH¶V  0: WLGDO VWUHDP WXrbine called Neptune and Atlantis Resources 41 
/LPLWHG¶V 0H\JHQ SURMHFW ZKLFK KDYH GHSOR\HG WKHLU ILUVW $QGritz Hydro Hammerfest turbine at full power in 42 
December, 2016. Marine Current Turbines also have their twin turbines called SeaGen which was tested in 43 
December 2008 and is able to produce 1.2 MW per turbine at a tidal current velocity of 2.4 m/s.  44 
 45 
1.1 Steady Flow Simulations and Experiments  46 
Steady flow performance and blade loading has been presented in a number of different published studies. Bahaj 47 
et al [5] undertook a number of experiments both in a cavitation tunnel and a towing tank which were used as 48 
validation for numerical modelling with Blade-Element Momentum (BEM) method and Computational Fluid 49 
Dynamics (CFD) simulations. Small scale experimental modelling to observe wake meandering has been carried out 50 
by Chamorro et al [6] using 3D Particle Image Velocimetry (PIV) in an open channel experiment. Walker, in his 51 
PhD study at Sheffield, looked at the effects of support structure interference on HATT performance using a 52 
circulating water flume [7] while Morris [8] examined solidity, wake recovery and blade deflection using a water 53 
flume.  54 
In terms of numerical modelling, BEM and Reynolds-averaged Numerical Simulation (RANS) CFD simulations 55 
with Large Eddy Simulation (LES) are the ones being used for most numerical studies. The BEM method has been 56 
explored and validated by Bahaj and Batten et al [9] with the use of their experimental results in a cavitation tunnel 57 
and towing tank and was proven to be effective in exploring performance curve in tidal turbines. BEM has also been 58 
integrated into wind and tidal turbine performance and design software and includes *HUUDQG+DVVDQ¶V%ODGHGDQG59 
Tidal Bladed has been validated by the Energy Technological Institute (ETI) as well as Batten et al. [9] QBlade is a 60 
BEM based open source software used and validated by the authors for use in tidal turbines [10, 11]. 61 
Although BEM has been widely used in tidal turbine design and analysis it has limitations. To overcome these 62 
limitations, CFD (RANS and others) has been used and developed. Malki et al  [12] used a coupled BEM-CFD 63 
model to address the limitation of BEM but still have faster simulations than CFD. Investigations of wakes has been 64 
carried out by MacLeod et al [13] using a RANS solver with k-İWXUEXOHQFHFORVXUHPRGHODQGKDVIRXQGWKDW'65 
separation is enough for tidal turbines in an array as the velocity/energy is recovered at this distance. RANS is also 66 
been used for the investigation of solidity and blade deflection by Morris [8] while the effect of plug flow and high 67 
shear flow to tidal turbine was investigated by Mason-Jones et al [14] using RANS with a very similar model used 68 
E\2¶'RKHWU\HWDO. [15] when they looked at the feasibility of tidal turbine sites in the Welsh coast.   69 
Afgan et al [16] looked at blade loading and turbulence in tidal turbine using both RANS and LES and compared 70 
the two CFD models and compared it using the experimental results by Bahaj et al [9]. It was found that LES 71 
provides greater insight into flow physics especially at low TSR at the expense of higher computational time. Kang 72 
et al [17] used LES to look at an isolated rotor versus a full tidal turbine model. It was stated that in terms of power 73 
coefficients, the results from the two simulations are very similar which means that the pressure fields in the turbine 74 
blades which generate torques from extracting power from the current is not significantly affected by the other parts 75 
of the turbine.  76 
1.2 Unsteady Flow Simulations and Experiments  77 
Tidal turbine performance and hydrodynamics has been studied for steady flow but there is very little published 78 
when incoming flows are unsteady and more research is necessary. The authors can find no literature using RANS 79 
CFD models, as used here, to investigate the effects of unsteady flow on the power generating performance of 80 
turbines and the underlying aerodynamics, although lots of work has been carried out on other aspects, such as FSI, 81 
loading, noise generation etc. Studies using BEMs have however been carried out, for example, 2¶5Rurke et al [18] 82 
used a unsteady BEM to investigate the unsteady flow that results due to current shear and yaw misalignment 83 
showing they have a significant impact on the hydrodynamic performance of a tidal current turbine. Ai et al [19] 84 
showed that unsteady flow due to long waves, introduce non-linearity in the response of the turbine particularly at 85 
low tip speed ratio as well as can affecting the time-averaged power coefficient.  While such studies are useful, they 86 
are limited in the flow physics that can be extracted from them and illustrate why the work in this paper is required. 87 
A study done by Leroux, et al [20] uses realistic unsteady inflow from tidal streams in Nova Scotia and looks at its 88 
effects in tidal turbine performance. The results show a maximum difference of 0.83% between steady and unsteady 89 
values for a stream with a 2.05 m/s average speed and an average amplitude of 10%. While the performance report 90 
is presented, the hydrodynamics explaining what happened is not included in the paper because it is too complex to 91 
explain without looking at basic unsteady flow effects first which is what the authors want to present in this paper.  92 
Most of the current research for tidal turbines in unsteady flow looks at blade (thrust) loading. The reason is that 93 
fatigue loading in unsteady flow is one of the underestimated effects of unsteadiness that is needed to be considered 94 
in blade and rotor design. Young et al [24] has shown using BEM-FEM solver that at highly-loaded off-design 95 
PHDVXUHPHQWVWKHPD[LPXPYRQ0LVHVVWUHVVH[FHHGVWKHGHVLJQPDWHULDO¶V\LHOGVWUHQJWKE\ when compared 96 
to steady flow blade loading, suggesting the same effect to the blade through fatigue loading. De Jesus Henriques et 97 
al [21] showed, using experimental models, that changes in blade pitch angle could be used as a mechanism for 98 
reducing the loading on a HATT when operating with unsteady flows driving excessive wave-induced loads, while 99 
still enabling a significant amount of the available power in the unsteady tidal stream to be extracted 100 
 Three phenomenon related to blade loading have been mentioned in the literature ± added mass, dynamic inflow, 101 
and dynamic stall. The effect of added mass has been investigated by Miniaci et al [25] using aerodynamic analysis 102 
program (FAST and AeroDyn) and they found that there is a significant effect on blade loading. However, results 103 
from Whelan et al [22] showed the opposite where effects from axial added mass of rotor operating in a mean 104 
current subjected to passing waves was shown to be small and indeed insignificant. Whelan [26] states that for quick 105 
changes in velocity, it was found that the greater flow field cannot respond quickly enough to establish steady state 106 
conditions and an overshoot in the blade loading were observed. Planar oscillatory experiments conducted by Milne 107 
et al [23] shows that there is an increase in blade loads with increased frequency and loads exceeded the steady state 108 
blade loads by up to 15% for reduced frequencies between 0.03 and 0.10 with maximum unsteady amplitude of 25%. 109 
A phase lead of the blade loads over velocity was also observed, which is also an expected effect from dynamic 110 
inflow. It was also found that the amplitudes of multi-frequency loading can be modelled using superposition which 111 
will be important in the design stage of tidal turbines to investigate fatigue loads. For lower TSR, delayed separation, 112 
phase lag and dynamic stall were observed. These result to exceeding the steady loading by up to 25% while 113 
exhibiting a large degree of hysteresis. [27] Dynamic stall is defined as the result of unsteady and/or fluctuating time 114 
histories which leads to a variation in velocity over the turbine rotor. This results to changes in lift and drag 115 
coefficients due to flow separation around the foil which is dependent on the time-dependent changes in angle of 116 
attack. Dynamic stall also results to overshoots in load magnitudes over steady flow values and induces hysteresis. 117 
Dynamic inflow phenomenon in oscillating aerofoil was presented by Lee and Gerontakos [28] while Leishman [29] 118 
explained the phenomenon in helicopter and wind turbine settings.  Dynamic stall phenomenon at low TSR in tidal 119 
turbine under unsteady flow is also presented in Milne et al [23] study when they explains hysteresis curve variation 120 
when frequency of the forcing velocity was changed.  121 
Galloway [31] conducted a study on the effects of waves and misaligned flow and found out that wave effects are 122 
not significant in terms of power output of the turbine but is significantly affecting blade loading due to the cycling 123 
loading resulting into fatigue in blades. Luznik et al [32] conducted an experiment in a three-bladed HATT with and 124 
without waves to look at the effects of waves in performance. Results suggest that the effect of waves is 125 
insignificant, for the conditions used, as the values of CP with waves shows similar results with steady data.  126 
Current literature does not include much information regarding the effects of flow unsteadiness on performance of 127 
HATTs. This paper aims to start to fill that gap by investigating the effects of frequency and amplitude variations on 128 
the performance of a newly designed HATT with a detailed explanation of the hydrodynamics that cause that 129 
change in performance.   130 
2. TEST CASE AND METHODOLOGY 131 
The tidal turbine that will be used here was designed at the University of Sheffield with the blade specifications 132 
described in Table 1. The design process and structural analysis for the turbine is presented in previous papers by 133 
the author [10, 11, 35]. The Sheffield HATT was designed using QBlade to have a high CP over a wide range of 134 
TSRs so as to be used as a reference case when comparing unsteady flow results. 135 
 136 
 137 
 138 
 139 
 140 
 141 
Table 1 142 
Sheffield HATT Geometry Specifications 143 
Radial 
Position (m) 
Chord 
Length (m) 
Twist (°) Foil Profile 
0.4 0.25 20 NACA 4424 
0.6 0.2312 14.5 NACA 4420 
0.8 0.2126 11.1 NACA 4418 
1.0 0.1938 8.9 NACA 4417 
1.2 0.175 7.4 NACA 4416 
1.4 0.1562 6.5 NACA 4415 
1.6 0.1376 5.9 NACA 4414 
1.8 0.1188 5.4 NACA 4413 
2.0 0.1 5 NACA 4412 
 144 
A CFD model of the Sheffield HATT geometry was created using the meshing software ANSYS ICEM-CFD. A 145 
mesh independence study and a boundary size study were conducted to determine the most suitable mesh to be used 146 
for the CFD simulations, see Abuan et al [11]. An unstructured tetrahedral mesh with 300 cells at the 75% span of 147 
the blade with 15 layers of prism cells was chosen in the mesh independent study which is presented in Figure 1a in 148 
a cut plane view. The computational domain and boundary conditions was illustrated in Figure 1b, it should be 149 
noted that the boundary conditions for the top part of domain was also set as wall and not free-surface with the 150 
reason being that the mesh was also intended to be used to validate experimental data from a cavitation tank/wind 151 
tunnel. Figure 1c shows the entirety of the rotational part of the domain. It was shown in Abuan [11] the complete 152 
basis of the domain size for both the rotational and stationary part which is mainly based on the distance by which 153 
the rotational domain is not affecting the flow and is resolved in the simulation. The author also choose not to 154 
include the hub of the rotor as its effects is minimal based on the study by Kang et al [17] where they compared full 155 
tidal turbine performance to a blade only model and negligible differences were presented.  156 
 157 
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Figure 1 Sheffield HATT mesh information and images; cut plane to show prism layer boundary mesh (a) whole computational 172 
domain showing boundary conditions (b) the rotational domain (c) , y-plus values plot near mesh at 75% span (d) together with 173 
the results of the mesh independence study (e) and time independence study (f) for the Sheffield HATT model  174 
Studies were carried out to ascertain the quality of the simulations. These include a mesh independence study, 175 
effect of boundary size, turbulence model and time-step. The data for these are presented and are available in the 176 
DXWKRU¶VSUHYLRXVZRUNDQGIUHHO\DYDLODEOH [10, 11, 31]. Figure 1e and Table 2 show the mesh independence study 177 
carried out by the authors in previous work where the turbine performance was used as the measurement metric at a 178 
TSR of 6 for different mesh sizes. Mesh 4 was selected as it shows very close CP values to that of the denser meshes 179 
but requires less computational hours. The numbers behind the points in Figure 1 are the computational hours it 180 
needs for the simulation to converge. We can see mesh 4, the one with 20 hour computing time, to have very similar 181 
CP values with meshes 5 and 6 with significant difference in computing time. Simulations were conducted using 182 
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$16<6)/8(17¶V5H\QROGV-Averaged Navier Stokes (RANS) method with the k-Ȧ667 as the closure turbulence 183 
model with y+ values at the log layer between 30 and 100 as can be seen in Figure 1d where the y-plus values near 184 
the wall at the 75% span cross section is presented. Figure 1f shows the results of a study into the effects of time-185 
step interval on the solution. This showed that the turbine torque differed by just 1% between the one degree per 186 
time-step simulation and a 0.5 degree per time step simulation. The latter is considerably more demanding in 187 
computational time and as a result a 1 degree time step was chosen for this study. The water flow velocity for this 188 
study was set to 2 m/s which is within the range of optimum velocity for tidal turbines as quoted from Carbon Trust 189 
[33] and corresponds to a Reynolds number of 1,350,000 at the 75% span of the blade. Second-order transient 190 
implicit formulation was chosen to assure convergence but with more iterations per time-step (30 iterations per time 191 
step was used for this study as determined in previous studies by Danao and Abuan [10, 35]) and since the mesh was 192 
made using unstructured tetrahedrals and the mesh grid is not aligned to the flow, the second-order upwind 193 
discretisation scheme were used for improved accuracy at the expense of slightly longer computational time. 194 
Solutions were deemed to have converged when residual values reached 5 x 10-5.  Periodic convergence (shown 195 
later) was achieved after around 10 rotations of the turbine.   196 
Table 2 197 
Mesh Independence Study Results for the Sheffield HATT at water velocity=2m/s and TSR=6 198 
Mesh 
no. 
Target no. of 
Cells at 0.75 
span 
Total no. of 
cells 
Coefficient of 
Performance 
Computational 
time (at 48 cores, 
hours) 
1 50 836,654 0.373 6 
2 100 1,661,936 0.403 8 
3 200 3,217,579 0.411 12 
4 300 4,259,402 0.418 20 
5 350 6,500,103 0.418 29 
6 400 8,308,612 0.417 38 
 199 
The predicted power curves from both the CFD simulation initial BEM results from QBlade are presented in 200 
Figure 2. Both curves display similar shape and trends with maximum CP occurring close to TSR=6. The 201 
computation of CP used for the steady flow simulations is derived from standard practices presented in current 202 
literature [5, 23, 27] where the CP is the ratio of the power extracted by the turbine to the power available in the 203 
water flow. The CFD simulation however has a lower power but this is due to the three dimensional effects that are 204 
not modelled in the BEM.  205 
 206 
Figure 2 Power curve comparison between CFD and BEM results for the Sheffield HATT. 207 
 208 
Low performance (power generation) is observed at low TSRs where high angles of attack are generated; this will 209 
generate higher lift but also high drag and possibly separated flows that causes high form drag. Figure 3 shows the 210 
streamlines at the 25% and 75% span of the blade for TSR=2 where a large separation in the suction side of the 211 
blade surface is observed. As the TSR increases, the angle of attack will decrease which results to two phenomena. 212 
First is the decrease in lift but also flow reattachment and so lower drag. This is observed in the region in Figure 2 213 
highlighted with the green oval. The decrease in drag is greater than the decrease in lift caused by the decrease in 214 
AoA thus resulting to an increase in lift to drag ratio and hence CP.  215 
 216 
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(b) 220 
Figure 3 Streamlines at the 25% (a) and 75% (b) blade span at TSR=2 for the Sheffield HATT steady simulation. 221 
 222 
 223 
Figure 4 Streamlines at the 75% blade span at TSR=4 for the Sheffield HATT steady simulation. 224 
 225 
Performance reached its maximum at TSR=6 with a CP value of 39.46% where the turbine has an optimum 226 
combination of lift and drag. Figure 4 illustrates the streamlines around a hydrofoil cross-section at 75% blade span 227 
and it can be seen that the flow is fully attached eliminating the effect of additional drag thus making CP higher. 228 
After this point, the CP started decreasing at higher TSRs, because the incident AoA decreases thus resulting in 229 
lower lift. Drag will not change much at high TSRs because the AoA is tends to zero meaning that CP is more 230 
dominated by the sensitivity to changes in lift. Negative-lift is also observed at TSR=10 where there is an overlap in 231 
the lines of pressure coefficient as shown in Figure 5, and this also contributes to the lower power observed. 232 
  233 
 234 
Figure 5 Coefficient of pressure plot across the 75% blade span at TSR=10 for the Sheffield HATT steady simulation. 235 
3. RESULTS AND DISCUSSION 236 
3.1 Unsteady Flow Simulation 237 
The peak of the power curve (CP=39.5%) at TSR=6 was chosen to be the reference point for comparison with the 238 
unsteady flow simulations since any turbine would generally be operated at the location of maximum performance. 239 
The idealised unsteady flow velocity was set to have amplitude of 25% of the mean velocity. Frequency of the fluid 240 
flow was set to produce a flow frequency of 1 Hz and this was defined to be the unsteady base case since other 241 
unsteady results will be compared to this. To achieve this, a User Defined Function (UDF) was created, which 242 
defined the velocity at the inlet boundary of the computational domain to vary with time using the equation u(t) =  243 
1.94 +  0VLQʌW, where t is the flow time in seconds. It is important to note that this equation was also set to 244 
have a cyclic-averaged water power equal to that of a steady flow at 2 m/s.This frequency corresponds to a 245 
/HLVKPDQ¶VUHGuced frequency (k) of 0.051 which is just outside the quasi-steady flow range defined to be values of 246 
k between 0 and 0.05. 247 
The unsteady simulation was conducted using the same settings and mesh used for the steady-state simulation and 248 
the results were monitored per time-step to present a whole cycle response of the turbine. The time-step used for this 249 
study is set as the time it needs for the rotor to move 1ஈ, this was chosen as a result of the time-step study where two 250 
more time-steps were considered ± one time-VWHSIRUÛDQGRQHWLPH-VWHSIRUÛ. Independence of the solution t 251 
the time step was achieved with a time step of 0.00299 s, equivalent to a rotation of 1q. To achieve cycle-252 
converegene, the turbine is allowed to run for more than 10 complete flow cycles. Figure 6a presents the 253 
instantaneous Power Extracted (Pe) by the turbine together with the Power Available (Pa) and the unsteady velocity 254 
with time, this is a full cycle after cycle-convergence is converged as shown in Figure 6b. The interaction of the two 255 
curves (Pe and Pa) resulting to the instantaneous CP presented in Figure 7 together with the instantaneous TSR, 256 
which is a one cycle of what is being shown in Figure 6b. The cyclic-averaged CP, defined to be the ratio of the 257 
averaged Pe and averaged Pa, for this unsteady simulation is 37.5%. This definition was used in order to have direct 258 
comparison with the steady flow simulations since it was intended that the averaged water power avaialable for the 259 
unsteady cases should be equal to the power available at the same TSR.  This is 1.94% lower than that of the steady-260 
state CP at TSR=6. From this data alone, it can be said that the presence of the unsteadiness of the flow results to a 261 
decrease in CP alone which also mean that there is a decrease in the averaged power extracted since the averaged 262 
power available for the unsteady simulation was maintained to be the same to that of the steady-state water power. 263 
From the instantaneous power plots in Figure 6, it can be seen that there is a lag observed for the instantaneous Pe 264 
with respect to the instantaneous Pa accounting to 2.8% of the normalised flow time. This lag results on a delay on 265 
the increase of the instantaneous CP whereas a very slow increase was found out between points a and b as shown 266 
in Figure 7. As the time progress, a steeper increase in the instantaneous CP curve was found on the region fromed 267 
by the points b, c and d (highlighted by a red oval) with a maximum CP of 42.2%. Again, this is caused by the lag 268 
found on the instantaneous power extracted by the turbine whereas a higher Pe that is only dropping at this point is 269 
paired with an already dropped water power thus increasing the CP.  $WĲ 3H goes back to its initial value and 270 
started to decrease in value while the Pa curve is already deFUHDVLQJVWDUWLQJIURPĲ DVDUHVXOW a steep drop in 271 
CP value was observed as shown in Figure 7 highlighted by a green oval. The decrease in CP was observed until 272 
Ĳ ZLWKDORZHVW&3RIIt can also be observed that the steepness of the decreasing Pe curve is less than 273 
that of the Pa curve which means that there is slower decrease in the numerator of the CP ratio thus resulting to the 274 
steep decrease. A fast recovery of the CP value was REVHUYHGSDVWWKHORZHVWSRLQWDWĲ DWĲ  275 
Anotherway to present the instantaneous CP curve for the turbine is to present it as a so-called hysteresis curve, 276 
superimposed on the steady state power curve as shown in Figure 8. The hysteresis curve also shows that the cycle 277 
is completed and cycle-convergence is achieved because the curve is continuous. A break in the line occurs if 278 
cperiodic convergence is not achieved. It is clearly illustrated how the unsteadiness of the flow affects the 279 
performance of the turbine through the hysteresis curve does not follow the steady state curve. Segments of the 280 
hysteresis curve defined by the region b-c-d-e have a CP value higher than their steady state counterpart, while the 281 
region f-g-h-a has lower CP value. The steep decrease was also observed at high TSR which can be attributed to the 282 
sensitivity of the changes in lift and hence lift to drag ratio in the hydrofoils used at low AoA which is present at 283 
high TSR. The lift to drag ratio of the blade at 25% and 75% of the Sheffield HATT blade is presented in Figure 9 284 
and it can be seen that the AoA range between -5° to 5° is the steepest part of the curve which means that for a small 285 
change in AoA, a big difference in the lift to drag ratio will occur.  286 
 287 
 288 
Figure 6a Available water power and extracted power by the turbine with unsteady velocity profile 289 
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Figure 6b Response of the Sheffield HATT to the unsteady flow scheme implemented 291 
 292 
Figure 7 Instantaneous CP curve for one cycle of the unsteady velocity superimposed with the instantaneous TSR 293 
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 295 
Figure 8 Unsteady flow hysteresis curve for the TSR=6 unsteady simulation over the steady-state performance curve 296 
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Figure 9 Cl/Cd plot for NACA 4414 and NACA 4420 which are the erofoils at 75% and 25% of the Sheffield HATT blade 299 
 300 
Streamlines over the blade at 75% and 25% span are presented in Figure 10. It can be observed how the incident 301 
AoA on the hydrofoil sections changes with variation of TSR. For the area highlighted by the oval in the Figure 7, a 302 
disturbance in the the streamline in form of a separation was seen at points a, b to c. This is also the area where the 303 
delay/lag in the power extracted was observed (as shown in Figure 6) and also where the increase in the 304 
instantaneous CP was seen. As the separation reattaches, the instantaneous CP continues to increase until the 305 
extracted power starts to decrease after point d. It can also be seen from the streamline images that the incident AoA 306 
decreases as TSR increases (points d, e to f), suggesting a lower lift although the flow around the blade is fully 307 
attached which reflects as a decrease in the instantaneous CP as well. From the lowest CP value of the hysteresis 308 
curve near point f, it can be seen from the streamline plots that AoA starts to increase and also startes to show 309 
evidence of flow separation but the CP values cannot follow the initial path of the curve resulting to different values 310 
at same TSR. This illustrates the effect of unsteadiness just as Leishman [29] stated that, in unsteady flow at the 311 
same TSR, there will be different values in terms of blade loading and performance, with that of the reattaching flow 312 
having higher values when compared to where the flow initially starts the separating part of the process.  313 
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Figure 10 Streamlines over the hydrofoil sections for the 25% blade span (a and b) and 75% blade span (c and d) 322 
  323 
To further understand the response of the turbine to unsteady flow, two unsteady simulations at off-peak TSRs of 324 
4 and 8 were conducted. The equations used to simulate the water speed variation was u(t) =  1.9402 VLQʌW 325 
with a rotational velocity of 3.8804 rad/s for the TSR=4 simulation. For the TSR=8 simulation u(t) =  1.94 +  0.49 326 
VLQʌW with a rotational velocity of 7.76 rad/s was used. These maintained the power in the water to be the same as 327 
for the steady flow simulations at the same TSR, For the TSR=4 simulation, a cyclic-averaged CP of 22.6% was 328 
computed which is 8% lower than its steady state counterpart while a cyclic-averaged CP of 35.1% for the TSR 8 329 
simulation was determined. This is just 0.23% lower than the steady-state CP of 35.33%. The reduced frequency for 330 
the two cases are 0.068 and 0.034 respectively.  331 
Shown in Figure 11 are the hysteresis curves for the three unsteady simulations around different TSRs, and 332 
illustrates what is happening instantaneously in the flow as the velocity and TSR changes with time. Inspection of 333 
the plots shows that each of the curves deviates from the steady-state power curve, although the trend and shape of 334 
the hysteresis curves, to an extent, still follows that of the steady-state. For the unsteady simulation around the low 335 
TSR, a more drastic separation should be expected, and WKHȜ2 criterion plot show vortices are present at certain 336 
locations around the hysteresis curve as shown in Figure 12. Ȝ2 is the second in magnitude eigenvalue of the 337 
symmetric tensor S2ȍ2; where S is the symmetric part of the velocity gradient tensor ׏u and ȍ is the 338 
antisymmetric part. The definition given by Jeong and Hussain states that a vortex core is a connected region with 339 
two negative eigenvalues of S2ȍ2,IWKHHLJHQYDOXHVDUHȜ1Ȝ2Ȝ3 ZLWKȜ1 EHLQJWKHVPDOOHVWDQGȜ3 the largest, a 340 
YRUWH[FRUHFDQEHGHWHUPLQHGLIȜ2<0[34]. It can be seen that at point b in Figure 12, large vortices formed on the 341 
suction side of the blade which corresponds to the sudden drop in instantaneous CP curve. Streamline plots at the 75% 342 
and 25% blade span for the described time position is presented in Figure 13. At point c for the same simulation, it 343 
can be seen that the vortices sitting on the suction side of the blade is already dissipating and the flow starts to re-344 
attach, which corresponds to an increase in the instantaneous CP. This observation continued to point d where the 345 
flow was seen to be fully attached.  346 
 347 
 348 
Figure 11 Complete unsteady simulation plot showing hysteresis curves for the three unsteady cases ( TSR=4, 6 and 8) 349 
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 351 
)LJXUHȜ2 criterion vortex tube representation at different points of the unsteady TSR=4 simulation 352 
 353 
  354 
Figure 13 Streamline plots for point b of the TSR=4 unsteady simulation; 25% blade span (left) and 75% blade span (right) 355 
 356 
For the unsteady simulation around TSR=8, a narrow but long hysteresis curve was observed, which most closely 357 
follows the steady-state power curve and results in a cyclic-averaged CP very close to the steady-state value with 358 
only 0.23% difference. The sensitivity of the turbine to small AoA changes is illustrated by this simulation as a large 359 
CP variation was observed over a small TSR ranges. Another interesting observation found for this simulation is the 360 
region on the hysteresis curve near the optimum TSR that is higher than that of the base case unsteady simulation. 361 
This part of the curve makes up for the very low instantaneous CP found for the high TSR region.  362 
3.2 Effects of Amplitude Variation 363 
The influence of amplitude on the performance and the hydrodynamics of the Sheffield HATT is investigated next. 364 
The equation used to model the flow was altered so that the resulting amplitude of the velocity variation was set to 365 
10% and 43.5% while again maintaining the cyclic averaged power equal to the steady-state power simulations. The 366 
resulting equations are u(t) =  1.99 +  0.2 VLQʌW  and u(t) =  1.841 +  0.8 VLQʌW for the 10% and 43.5% 367 
respectively which also shows that the frequency of the flow was also maintained to be f=1Hz. The results show that 368 
for the 10% amplitude simulation, the resulting cyclic-averaged CP is 38.74% which is higher than that of the 369 
unsteady base case  simulation with a cyclic-averaged CP at 37.5% with a velocity variation amplitude of 24.5% at 370 
TSR=6.  Although a higher cyclic-averaged CP was obtained, the result is still lower than that of the steady-state CP 371 
by 0.72%. For the high amplitude simulation, the cyclic-averaged CP obtained was 34.26% which is 3.24% lower 372 
than that of the unsteady base case and 5.2% lower than that of the steady-state CP.  373 
The hysteresis curves for the amplitude variation study simulations are presented in Figure 14 together with that 374 
of the steady-state CP curve. The first trend to be seen is that for larger amplitude velocity variation, an increase in 375 
the variation in the instantaneous CP was observed especially in the high amplitude simulation hysteresis curve. The 376 
hysteresis curve for the 10% amplitude curve is observed to be the smallest and is closest to the steady-state curve 377 
which also reflects on the cyclic-averaged CP which is the highest of the three simulations. Also, because the TSR 378 
range for the 10% velocity amplitude is small, the high sensitivity of lift to AoA is not so manifest which results in a 379 
more oval-shaped curve.  380 
The simulations at high velocity amplitudes show a more dramatic variation in the instantaneous CP especially in 381 
the high TSR part of the curve which can again be attributed to the sensitivity of lift of the turbine at low AoA 382 
which is observed at high TSR. There are also parts of the hysteresis curve that shows higher instantaneous CP 383 
compared to the base case unsteady simulation but those regions with lower CP are larger and this contributes to the 384 
lower cyclic-averaged CP overall. It can also be seen that the maximum point of the curves is tending to move to the 385 
right as the amplitude increases, this means that the delay in the extracted power in the turbine is extending with 386 
increased amplitude. This is probably caused by the separation seen for this simulations, since the TSR range 387 
reaches a lower minimum TSR. Figure 15 shows the streamlines for the point highlighted in the high amplitude 388 
hysteresis curve (point inside green circle) for both for the 25% and 75% span of the Sheffield HATT where the 389 
separation was observed. This is also the start by which the delay in the extracted power manifested and also the 390 
start when the instantaneous CP increase. This increase continued as the flow reattaches but because of the delay, 391 
the maximum point of the hysteresis curve was shifted to the right at a higher TSR.  392 
 393 
 394 
 395 
Figure 14 Unsteady flow hysteresis curves for the amplitude variation study 396 
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 399 
Figure 15 Streamlines over the hydrofoil at the 25% (left) and 75% (right) of the blade at the highlighted point in the high 400 
amplitude hysteresis curve 401 
3.3 Effects of Frequency Variation 402 
Two other unsteady simulations were conducted with f=0.5 Hz  and  f=2.0 Hz, the resulting flow velocity 403 
modelled as u(t) =  1.94 +  0.8 sin(ʌW and u(t) =  1.841 +  0.8 sin(4ʌW. A cyclic-averaged CP of 37.9% was obtained 404 
from the low frequency simulation which is higher than the unsteady base case simulation by 0.4% but still lower 405 
than that of the steady-state CP by 1.56%. The unsteady base case here is that at f=1, A=24.5% and TSR=6. On the 406 
other hand, the high frequency simulation yields a cyclic-averaged CP of 37.11% which is now lower than that of 407 
the base case by 0.39%. All unsteady simulations have a lower CP than the steady-state simulation, clearly 408 
suggesting the detrimental effect of unsteadiness. It is also the case that as the frequency decreases, the cyclic-409 
averaged CP became closer to the steady-state CP. It was shown in this study that the effect of unsteadiness 410 
decreases with frequency but still, there is a clear effect of unsteadiness in terms of performance.  411 
The resulting hysteresis curves for the frequency variation study is presented in Figure 16. The f=0.5 Hz 412 
simulation produced a hysteresis curve that is thinner than that of the base case (f=1.0) but still similar in shape 413 
indicating the aerodynamics are similar. It is also clear that the hysteresis curve is the closest to the steady-state 414 
power curve in terms of shape, trend and value. The hysteresis curve for the f=2.0 simulation is the first to show a 415 
different shape when compared to all of the other hysteresis curves presented in this paper and indicates a 416 
fundamental change in aerodynamics. It shows a more rounded curve with maximum instantaneous CP happening at 417 
a later TSR near 7 suggesting that the delay or lag observed in this case is longer than that of the base case. It is 418 
suggested that this means that the turbine is never in equilibrium with the flow because the reduced frequency for 419 
this case is high at a value of 0.1021 (the ratio of the flow frequency to the rotational frequency is at 2.16.) The 420 
significant drop at high TSR was still observed although the recovery region for the instantaneous CP was almost 421 
just a flat line and the increase only started when the curve was at the low TSR region as the flow reattaches after 422 
some separation was observed in the same region.  423 
Additional simulations at higher frequency (f=3.0 and f=4.0) were conducted. Results obtained showed that the 424 
cyclic-averaged CP are 36.8% and 37.11% for the f=3.0 and f=4.0 unsteady simulations, which are very close to that 425 
of the f=2.0 case. This suggests that there is a limit, in terms of frequency, by which the unsteadiness of the flow 426 
affects performance. Figure 16 shows that the summary of performance in terms of flow frequency for the Sheffield 427 
HATT and it can be seen that before f=2.0, the trend of the plot shows a decrease in cyclic-averaged CP as 428 
frequency increases but from f=2.0 onwards, the values does not continued to decrease and maintained value near 429 
that of the f=2.0 simulation.  430 
 431 
Figure 16 Unsteady Flow Hysteresis Curve for the Frequency Variation Study 432 
 433 
 434 
Figure 17 Summary of the performance of the Sheffield HATT in unsteady flow in terms of frequency with the f=0 mark being 435 
the steady-state CP 436 
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4. CONCLUSIONS 438 
This study presented the performance of the Sheffield HATT both in steady and unsteady flow. The unsteady 439 
cyclic-averaged CP at optimum TSR was shown to be 37.50% which is lower than the maximum steady flow CP at 440 
39.46%. A hysteresis curve was observed for the unsteady simulation that is shown not to follow the steady-441 
performance curve. This hysteresis is caused by a delay that was observed for the extracted power plot for the 442 
turbine in unsteady flow showing that the first part of the cycle is not the same as the second half and thus resulting 443 
to an asymmetrical CP response. The physics explaining the phenomenon was shown to be caused by inertia effects 444 
affecting the lift and drag at different parts of the unsteady flow cycle.  445 
Unsteady simulations away from peak TSRs are also presented which shows that the unsteady cyclic-averaged CP 446 
is still lower than their steady flow counterpart. A difference of 8.0% was seen from the TSR=4 unsteady simulation, 447 
while a smaller difference (0.23%) was observed for the TSR=8. This results in a trend showing that, as the mean 448 
TSR increases, the cyclic-averaged CP gets closer to the corresponding steady flow CP. This can be attributed to the 449 
more drastic separation seen at low TSR which is shown to be dependent on the reduced frequency.   450 
The effect of amplitude on performance was shown to be relatively linear where a decrease cyclic-averaged CP 451 
was observed as the amplitude of the unsteady equation was increased. A cyclic-averaged CP of 38.74% was 452 
observed for the 10% amplitude simulation while 34.26% was recorded for the 43.50% amplitude simulation.  453 
In terms of the frequency variation study, the low amplitude unsteady simulation at f=0.5 Hz shows a higher 454 
cyclic-averaged CP at 37.9% which is 0.4% higher than that of the base case simulation at f=1Hz. A thinner and 455 
smaller hysteresis curve was observed for this case showing a very small variation on the instantaneous CP thus 456 
resulting to a higher cyclic-averaged CP. As the frequency was increased to f=2.0 Hz, f=3.0 Hz and f=4.0 Hz, the 457 
cyclic-averaged CPs obtained were 37.11%, 36.8% and 37.1% respectively. This shows a decrease in the cyclic-458 
averaged CP as the frequency increases although the variation is smaller when compared to the amplitude variation 459 
study especially in the high frequency cases.  460 
Overall, it was shown that for all of the unsteady cases presented, the cyclic-averaged CP of the Sheffield HATT 461 
is lower than the steady state reference case suggesting that the presence of unsteadiness in the velocity inflow is 462 
detrimental to the performance of this turbine.  463 
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